We performed contact nucleation experiments on the (010) face of potassium hydrogen phthalate (KAP) crystals growing in a stagnant supersaturated aqueous solution and determined -after a given growth time t -(cx situ) the crystal size distribution (CSD) of the secondary nuclei (which at t = 0 are called "embryos") by using a scanning electron microscope (SEM). The origin of the secondary nuclei could clearly be revealed (damage to the crystal surface). The CSD can be fitted with a log-normal distribution which is typical for many powders obtained by grinding. Minimum size and mean size can be quantitatively understood by elementary fracture mechanics.
reached. This leads to the very simple, linear difdropped onto a crystal in a supersaturated soluferential equation tion. Ex situ inspection of such crystals revealed no damage at all. Clontz and McCabe explained G 6n/~L = -n/T, (1) their results using the idea of a pre-ordered layer adjacent to the crystal surface; which was exwhich can be solved easily to give the well-known pected to contain solute clusters, microscopic densteady-state number density dntes and unstable agglomerates. The crystal-rod
contact then would dislodge parts of the preordered liquid layer, which would either grow to where n0 is the number density at zero size, L the nuclei of visible size or dissolve depending on size of a crystal and i' the residence time of the whether the size of the cluster being removed was crystals in the crystallizer. It should be realized respectively larger or smaller than the critical that the resulting size distribution is completely nucleus size. Since the size of a critical nucleus is determined by the growth of crystals already preinversely proportional to the relative supersaturasent in the crystallizer and if nuclei are formed by tion, less clusters should dissolve and hence more other mechanisms, e.g. secondary nucleation, then secondary nuclei should be observed if a contact is only from size zero.
performed in a more supersaturated solution (this From eq. (2) it follows that if ln n is plotted so-called survival theory was introduced by Lal et versus L, a straight line appears with slope al. [8] ). Another explanation, and perhaps a more
-(GT )~, From this slope the growth rate of the reasonable one according to Clontz and McCabe, crystals can be calculated if the residence time T is was that the thickness of the pre-ordered layer known. Numerous experiments confirm this relaincreases if supersaturation is increased, and hence tionship between number density and length [2] [3] [4] [5] .
more clusters are available to be removed by one However, in the lower size range always consider-
contact. An assumption of this model is that the able deviations from the straight line are obsize distribution of the surviving nuclei and the served: the number density increases more strongly number of clusters to be dislodged in the first going down to smaller sizes. This effect is ascribed place, is independent of the supersaturation. to birth of nuclei at finite size due to secondary
Light scattering experiments [9] [10] [11] [12] revealed nucleation and in a less degree of importance to strange structures near a growing crystal surface, size-dependent growth of the nuclei and growth which seemed to support the idea of some prerate dispersion. The latter means the observation ordered layer on top of the surface from which that nuclei of the same size can display different secondary nuclei could originate. One of many growth rates. A wide variety of models for growth possible explanations (see ref.
[12] for a review) rate as function of size have been proposed to was the suggestion of diffusive motion of small obtain empirical fits to the measurements (see ref.
pre-crystalline particles formed near the solid- [6] for a review). Secondary nucleation at sizes liquid interface. However, experiments have shown larger than zero is considered as the most imthat these particles have diameters larger than portant source of new nuclei in an industrial crys-300 nm and exhibit little or no variation in size, tallizer, but still little is known about its mechaboth of which seem highly improbable for prenism. To explain the breakdown of the linear crystalline particles. Cummins et al. [13] proposed relationship between ln n and L, given by eq. (2), the so-called microbubbles hypothesis to explain at sizes below 10-20 p.m, knowledge of birth of the anomalous dynamic light scattering observed nuclei at finite size and its size distribution is very at the growing crystal-melt interface. They asimportant but still lacking.
sumed a background concentration of gas present One of the experiments to investigate secin the melç. Since the solubility of gas in a solid is ondary nucleation were carried out by Clontz and smaller (by a factor 10 to 100) than the solubility McCabe [7] , who performed crystal-rod contact of gas in a melt, gas segregation will take place at experiments: nuclei were produced if a rod was the interface if crystal growth is initiated. A quantitative confirmation of this microbubbles hyobserved. The most important result of their work pothesis was e.g. given by Livescu et al. [14] , thus was the report of a critical impact energy E~: leaving little substantial support for the prebelow E~only a few (10-100) secondary nuclei ordered layer model. Direct consequence of the were produced and the mother crystal was hardly proposed model by Cummins et al. [13] is that the damaged, whereas above E~a much larger amount mechanism of contact nucleation has to be sought (-iO~)of secondary nuclei was produced and, in surface damaging rather than (the speculative) due to the contact, a small hole was formed in the dislodging of clusters from a pre-ordered layer crystal surface which, after some time, filled up present near the crystal surface [7, [15] [16] [17] .
again with crystalline material. The size of the Experiments which subscribe the idea of surface nuclei several seconds after the impact covered a damaging, were performed by Garside of E~:a surface with a high macrostep density is clear that the crystal surface was damaged due to more easily damaged than a flat surface, hence the contacting. They also observed nuclei of size 20 critical energy in the latter case will be higher thañ tm and more immediately after a contact, conin the former (about a factor 2). This result could trasting the model proposed by Clontz and Mc- explain the dependence of the secondary nucleaCabe, which states that immediately after a contion rate on supersaturation, equilibrium temperatact only clusters of the size of a critical nucleus ture and impurity concentration [20] . Tai et al. are present.
[21] earlier reported a threshold energy for potasThe CSD of secondary nuclei produced by sium sulphate. Below this threshold energy no contact nucleation has been studied by Garside et nuclei were produced. Their general conclusion al. [19] . They performed five crystal-rod contacts was that crystal growth and contact nucleation are in order to produce enough nuclei and to get related, with more rapidly growing crystals giving reproducible results. The CSD was determined by higher yields of nuclei. counting and measuring nuclei (using a Coulter
The work presented here, is concerned with counter) within the first minute after the last contact nucleation experiments on the (010) face contact. In this way the initial size distribution of potassium hydrogen phthalate (KAP) crystals was obtained. Garside et al. interpreted their reduring growth. By combining an advanced in situ sults in the same way as is usual in industrial microscopic technique with an ex situ scanning crystallization, so plotting ln n versus L. For electron microscopic (SEM) study of the crystalnuclei of sizes larger than about 8~tm the data rod contact site on the crystal surface, we were could be fitted using this steady-state solution able to confirm earlier observations [18, 20] that which was discussed above. For sizes smaller than the secondary nuclei produced by a crystal-rod 8 p~m, the data were found to deviate strongly contact are formed due to attrition and hence from the straight line, damage of the surface. Furthermore, the SEM The experiments by Wissing et al. [20] used an observations made it possible to study the CSD of advanced in situ microscopic technique (interthe initial nuclei (or embryos). ference contrast) to study contact nucleation. The
The out-line of this paper is as follows. Section upper (100) surface of a potassium dihydrogen 2 deals with the details of the experimental set-up phosphate (KDP) crystal was observed from beand procedure of the experiments. After that, typineath the growth cell. Growth phenomena such as cal crystal size distributions of secondary nuclei growth hillocks and macrosteps could easily be produced after one contact are presented as well as other features resulting from our experiments. ref.
[221): a KAP solution less than half a day old In section 4 we interpret our data and other and saturated at 30.0°C, was raised in temperafeatures characteristic of secondary nucleation, by ture to 35.0°C. After about 10 to 15 mm, the introducing a simple model based on contact and temperature was decreased to 28.0°C. Then a fracture mechanics. After that, we want to corncrystal was cleaved (the (010) face of KAP is a ment on the results obtained by Garside et al. [19] , cleavage plane) on both sides to provide almost which are typical examples of earlier work in this atomically flat (010) surfaces. To avoid ruining of field. Their results are re-interpreted, using general these faces, the crystal is not etched first (which results of our experiments.
will lead to the formation of many etch pits) but put in an already supersaturated solution on the observation window and fixed mechanically. After 2. Experimental details a 10 mm growth period, a contact was performed.
The crystal was then removed from its superThe contacting device we used was described saturated solution after a certain time (the growth previously [22] . The design is such that a PVC time). In order to reduce the supersaturated contacting rod (having a flat tip of 0.5 mm diamewaterfilm adhering the crystal surface, it is moved ter) hits the crystal only once; after the contact the through a 5-10 mm n-hexane layer which floated rod is moved upwards again. The crystal surface is on top of the KAP solution. This procedure with observed from beneath the growth cell through an n-hexane is needed to reduce surface artefacts due optical window (on which the crystal is fixed to a sudden increase in growth rate [24] . mechanically) and the crystal itself. A double For cleaning of the various parts of the contactwalled cell, through which thermostatically coning device we always used demineralized water, trolled water flows, was used to keep the temperabecause normal tap-water contains a relatively ture of the aqueous solution constant within 0.1°C.
high Fe 3 + concentration, which is known to disThe undercooling of the solution (saturated at turb crystal growth processes [25, 26] . 30.0°C) was usually 2.0°C, corresponding to a Ex situ, the crystals are observed from above in relative supersaturation of a = 4.5%. The temperareflected light. This clearly shows that in situ ture was measured using a thermocouple.
microscopy suffers an extreme loss of contrast. The microscope we used was an optical reflecFurthermore, the strong spherical aberration tion microscope (interference contrast, Olympus caused by the observation window and the crystal BHM) using a 5 x objective with a numerical itself in the in situ set-up [23], makes objectives aperture of 0.13. The resolution of this microscope with relatively higher numerical apertures (> 0.25), is, under optimal conditions, approximately 10 nm useless. Since the lateral resolution is approxivertical and 4~ttmlateral. mately given by X/NA (where X is the wavelength The Kj~Pcrystals were gréwn from highly suof the light used, -500 nm, and NA the numeripersaturated (a -31%) aqueous solutions of KAP cal aperture of the objective) it is seen that this (Merck, Pro Analysi, 99.8%) using demineralized quotient will be larger than 2~tm. These restricwater. Because of the design of the set-up we were tions make it impossible to obtain a clear view of forced to look through the crystal at the upper the contacted site without the use of corrected surface. In order to reduce spherical aberration lenses. caused by the window and the crystal [23], the Although in situ microscopy is a very strong platelet-like KAP crystals should not be too thick, technique to learn more about crystal growth On the other hand, a thin crystal tends to break processes, the advantages of a scanning electron much easier if it is contacted with the rod. To microscope with respect to optical microscopy in meet both conditions, a thickness of 1.5 to 2.0 mm our specific case, are obvious: it makes oblique turned out to work quite satisfactorily.
views and higher magnifications possible. The We followed the next procedure during all the lateral resolution of the SEM we used (type JEOL experiments (similar to the procedure described in JSM-T300) is -5 nm. However, using a SEM implies the use of electrically conductive samples. With the SEM, photographic close-ups were Because KAP crystals are insulators, the crystal made of 60% to 85% of the contacted site. A surface had to be coated with a layer of gold in a typical example of such a close-up is shown in fig. low-pressure (-0.1 Torr) argon atmosphere. The 1. These kinds of observations clearly demthickness of the gold layer is a few nm. Finally the onstrated that secondary nuclei are produced due sample is transported to the SEM to investigate to a crystal-rod contact. The nuclei do not susthe impact site.
pend in the solution, but remain concentrated at the impact site. This explains why Derks et al. [22] did not find secondary nuclei in their experiments, 3. Results besides the nuclei due to initial breeding. As can be seen from figs. 1 and 2, the nuclei are During the experiments we varied the following randomly distributed over the impact site both in parameters: the height of fall of the rod (and size and in crystallographic orientation with reaccordingly the impact energy) and the growth spect to the underlying crystal surface. Also, the time, nuclei are faceted and show the normal morAfter a crystal was removed from the solution, phology of a full-grown KAP crystal. The crystal the impact site was observed ex situ (from above) was removed from the solution as soon as possible with the Olympus BH microscope in reflected after the crystal-rod contact and the growth time light. Comparison of microtopographs of the imof the nuclei in fig. 1 was 10 s. Apparently, the pact site before and after the crystal had been nuclei become faceted at least within 10 s after coated with gold, learned that this preparation did their formation. neither ruin the characteristic surface features of
The total area over which the secondary nuclei KAP nor the impact site.
extend, varied from experiment to experiment, but though not all secondary nuclei produced by one
log(lenglh [pm))
contact were counted, the number that has been measured, forms a representative part of the total fig. 3b shows the fit (in conformity with eq. (3)) using only the parameters where A is the peak height, Gg the standard devidetermined from eqs. (4) and (5) and the peak ation and iO°°L)g the peak position. From eq. (3) height of the frequency distribution. it follows that if the horizontal scale is plotted
We also determined crystal size distributions of logarithmically instead of linearly, the distribution secondary nuclei produced by a twice as high becomes normal or Gaussian, In the semi-logarithcontact energy (0.35 mJ, of which an example is mical plot of fig. 3b , the same experimental data depicted in fig. 4 ) as the CSD in fig. 3 (0.17 mJ). were used as in fig. 3a , but now the distribution is Further, we varied the growth time of the nuclei symmetric.
( 10 s, 60 s or 600 s). Fig. 5 
2.4
particle of size~1 X; the second one of size log(length [pm))~2(~i X), etc. If the grinding proportions~, are independent of the size of the particle and the particles in the powder.
The error of -10% in the length L of the nuclei stems from the fact that the largest dimension of a nucleus is, in general, not parallel to nuclei which have grown for 600 s after the conthe plane of the SEM photographs, being oblique tact. In all these experiments, the general charviews as well. However, here another, almost acteristics of the distributions are similar but shifts classical problem raises its head: attributing a size in peak position and peak width are observed. to an arbitrarily shaped particle which best de- Table 1 gives the experimental details and fit scribes reality. For instance, a Coulter counter parameters of the six distributions that were de-(which is often used to determine size distributermined.
tions, see e.g. refs. [3, 19] ) measures volumes of particles passing a small orifice and then calculates effective radii on the basis of spherical particles. But if the particles measured are cubes or Table I cylinders, the error in size (if no correction is applied) will also be in the 10-20% range. This 
_____________________________________________
In order to make a statement on the acceptabil-ity of the proposed log-normal fit to the experiIn spite of the low growth rate, the nuclei are mental data, a Kolmogorov-Smirnov test was carfaceted (see figs. 1 and 2). From elementary crystal ried out. We will not go into details of this test, growth theory [32] it follows that the radius R of a but refer to one of many textbooks on probability sphere surrounded by a mother phase changes in and statistics in which this kind of hypothesis time t proportional to i/~7 , with D the diffusion testing is described [27] . The results of this test constant (if the growth rate is diffusion controlled). were that all the populations satisfy the proposed It is very likely to assume that the fragments log-normal distribution up to 99% reliability, which chipped from the surface are not faceted; they are is very good according to statistical standards [27] .
probably not spherical either, but it is the most Although we are not able to make unambigusimple assumption that can be made at this stage. ous, quantitative statements on a (possible) relaHence, we can make a rough estimate of the time tion between impact energy and growth time on needed to transfer a spherical particle into a one hand and peak position, peak width and total faceted one. This transfer time will be of the order number of nuclei on the other, due to the limited of R2/D, which takes a value of 10-100 ms for a number of experiments, it seems that a higher 10~sm sphere radius and a diffusion constant impact energy produces somewhat smaller nuclei which for aqueous solutions is typically i0°m2/s. (see table 1); however, this could be compensated So, faceting of the secondary nuclei occurs virtuby a broader (smaller) distribution or different ally immediately after their formation. We can peak height, such that in either case e.g. the total conclude from this rather short transfer time that volume of all the nuclei (approximately) remains the growth rate involved in the faceting process, is the same. Further, the population means of districonsiderably larger than the growth rates of the butions of nuclei with longer growth times are nuclei that have completed this process. To cxshifted to somewhat larger values, implying growth plain this, it should be reminded that the fastes of the nuclei (compare the series II, III, V and VI growing faces that establish the faceting are rough of table 1). On the other hand, taking into account (no crystallographic direction) and should grow the error in determining the sizes of the secondary with maximum growth rate, which is diffusion nuclei, the shifts in these values are probably controlled, while the remaining faces are the ones marginal, with the lowest growth rates. The fact that also the distributions of secThe following step in this discussion is the ondary nuclei with longer growth times can be introduction of some contact and fracture mechadescribed with a log-normal distribution (see fig. nical concepts, in trying to explain the minimum 5), suggests that the nuclei either grow all with the size of the secondary nuclei (-0.5~tm) and the same rate or grow very slowly, not necessarily with small spread in mean size of the crystal size distrithe same rate. Many papers on secondary nucleabutions if different impact energies are used. We tion using different crystalline materials report a do this by analyzing, step by step, the movement very wide growth rate dispersion of secondary of the rod on its way down to the crystal and the nuclei, often size-dependent; even nuclei which actual contact. displayed no growth at all have been observed When the rod falls from a defined height, it [18, [28] [29] [30] . Hence, the statement that all the nuclei experiences a frictional force due to the viscosity~j in one experiment grow with the same rate in this of the medium through which the rod moves and way maintaining a log-normal distribution in time, buoyancy on the part of the rod which is subwill be very unlikely. The reason for the growth merged in the solution. However, the viscosity and rate dispersion is probably the assessment of stress density in the case of a KAP solution as well as in a nucleus, which in general will vary from one the velocity of the rod, are such, that these forces to another. This has been demonstrated by Ristié are negligible compared to gravity. During the et al. [31] , who found a direct correlation between fall, in front of the rod, fluid has to be pushed stress density and growth rate of secondary nuclei:
away. In ref. [33] we show that this resistant force the more strain, the lower the growth rate. becomes significant if the distance between the 2R~then the remaining energy will be absorbed by the surface bounded region (labelled B) and part of this region (labelled A) will suffer severe (plastic) deformation, In the deformed region the stress density will increase and if a certain yield stress is cx- 
at 1-5%. From this we can conclude that the potential energy of the rod before the contact is a separates brittle (L> /~) from ductile (L < /0) reasonable measure of the energy transferred to fragments, and is determined by three material the crystal.
constants, i.e. Young's modulus E, the fracture During the loading of the rod on the crystal surface energy F and the uniaxial yield stress Y, surface, the propagation of the elastic deformation and the constant a, characteristic of the perwill be almost instantaneous, because the velocity formed test. Substituting some typical material of sound in the crystal is -iO~-i0times larger
han the penetration velocity of the rod in the N/rn2 and a -1 into eq. (6), gives a ductile/brittle surface. More and more stress is applied and at a size of -1~.tm,which agrees with the observed certain time dislocation loops or even cracks will minimum size of -0.5~smof secondary nuclei. It be formed. Since the highest concentration of stress is known [37] that fragments of size /o and smaller during a contact is at a point in the crystal at a can sustain relatively high strains and hence are distance from the surface approximately equal to able to contain very high stress densities (and yet half of the radius of projection of the contact area do not crack), which evidently could lead to very on the surface (see fig. 6 after Davies [34] ), these low growth rates of these small nuclei, in accorcracks will nucleate -100-150~tm below the dance with ref.
[31]. surface (in fact these subsurface cracks have been Let us assume that N spheres of radius r with observed during similar experiments in our laboratotal surface area A are formed out of a volume V, tory, see ref. [22, 35] ). At this moment, the plane then from energy conservation it follows that containing the subsurface cracks (labelled C in fig.  7 ) acts as a boundary layer through which the v(v~~0 -l'siai) =AF, (7) propagation of the elastic deformation will be much more difficult. If loading still continues, where and 17~iat are respectively the dynamical and static yield stress. Since in this model V= 4ITNr3/3 and A = 4irNr2, a mean size r of the (010) fragments can be calculated from eq. (7): distributions (see table 1 ).
cumulative lit
The depth of the subsurface cracks which~1.0 bounds a region, containing the volume V that suffers severe deformation and finally falls apart, is directly correlated with the tip radius of the rod,
whereas its impact energy merely determines the stress concentration profile in the crystal [34] . This contact mechanical point of view could explain 0. 6 why the population characteristics determined un-0. 6 der different experimental conditions, do not diverge significantly. these interpretations are commonly used in similar Iog(length (pm)) contact nucleation experiments as described in ref. secondary nuclei) we can re-interpret some of the results of ref. [19] .
From fig. 5 of ref. [19] , using the substitution x = (y' -yg)/°g. Eq. (11) is defined as the error function and is tabulated in Ncum(L) = J'n(L') dL' (9) [38] . In fig. 8 , the result of this fit is shown.
L 0
Although there is some misagreement in the larger size region (which may be due to the fact that five can be calculated, where Ncum(L) is the cumulacontacts have been performed in stead of one) the tive undersize of the distribution, i.e. the total fit is satisfying. From this we conclude that also number of particles smaller than size L, and L0 previous results on CSD of secondary nuclei prothe smallest size measured (2.0~tm). The total duced by crystal-rod contacts satisfy a log-normal number of nuclei lVc,t follows by integrating eq. distribution. (9) to infinity. Dividing eq. (9) by N~0leads to a Although there is an analogon between the relative, cumulative undersize distribution, which CSD of secondary nuclei produced by a crystalis plotted versus log L. Because we now deal with rod contact and the size distribution of particles in a cumulative distribution, the following integral a powder produced by grinding, both being loghas to be used to fit the data: normal, the physical background of these processes will be different, since the latter is based on a
o/f exp[ -(y' _yg)2/2aj dy', repeated process, while the former is just one (10) contact. Therefore, there has to be another physical explanation for the log-normal size distribuwhich can be transformed to the standard normal tion of the embryos. A possible entry to the physical background of distribution:
the log-normal CSD might be the surface tensile ( s') exp -x /2] dx, (11) stress field around the indentation in the surface materials this stress field is modeled by determintion from the steady state number density for a ing the stress field around a hole of radius a CMSMPR crystallizer when going down to smaller expanded by internal pressure in an infinite plate.
sizes, stems from birth of nuclei into a finite size The surface circumferential tensile stress as a range, which can be estimated using eqs. (6) and function of the radius r from the centre of the (8) (note that these formulas are almost cornplastically deformed circular region in an isotropic pletely determined by material constants). medium is given by [36] : a 9(r) =~Y(1 -2 in c/r), a < r < c,
